Introduction: This study examines the associations between early onset of e-cigarette use and cigarette smoking and other substance use behaviors among US adolescents. Methods: Data were collected via self-administered questionnaires from a nationally representative sample of 2299 US high school seniors attending public and private high schools during the spring of their senior year in 2015 as part of the Monitoring the Future study. Results: A higher percentage of adolescents who began using e-cigarettes in ninth grade or earlier (early onset) were found to report current and lifetime cigarette smoking and other substance use relative to those individuals who never used e-cigarettes or those who began using e-cigarettes later in the 12th grade. Multivariate logistic regression analyses indicated that the adjusted odds of alcohol use, cigarette smoking, marijuana use, nonmedical prescription drug use, and other illicit drug use among early onset e-cigarette users were significantly greater than those for individuals never having used e-cigarettes (adjusted odds ratios [AORs] ranged 9.5-70.6, p < .001). While these associations were significant for both experimental and frequent e-cigarette users, the effects of early onset were stronger among frequent e-cigarette users. Similarly, the odds of these substance use behaviors (except alcohol) among early onset e-cigarette users were also significantly greater than the odds for later onset e-cigarette users (AORs ranged 2.8-4.1, p < .05). Conclusions: Early onset of e-cigarette use was significantly associated with increased odds of cigarette smoking and other substance use behaviors. E-cigarette use is often preceded by alcohol use, cigarette smoking, and marijuana use, suggesting that more long-term prospective studies are warranted. Implications: To date, no studies have examined the probability of cigarette smoking and other substance use behaviors as a function of age at onset of e-cigarette use. In the present study, early onset of e-cigarette use was significantly associated with increased odds of cigarette smoking and other substance use behaviors. The findings reinforce the importance of addressing a wide range of substances including alcohol, traditional cigarettes, and marijuana when developing early primary prevention efforts to reduce e-cigarette use among youth.
Introduction
E-cigarette use has generally increased in recent years among US adolescents, emerging as a potential public health concern. [1] [2] [3] [4] While past-month e-cigarette use among US high school students increased from 1.5% to 16 .0% between 2011 and 2015, 4 a recent decrease was found in e-cigarette use between 2015 and 2016 among secondary school students.
1,2 E-cigarettes have the lowest perceived risk for regular use relative to any other psychoactive substance among adolescents. 1 Despite this very recent decline, adolescents' e-cigarette use (any lifetime and past-month use) in the United States remains more prevalent than any single nicotine or tobacco product, including traditional cigarette smoking. 1, 4 Notably, current regular use of e-cigarettes is more prevalent than current regular use of traditional cigarettes among US 8th and 10th grade students, while the prevalence of current regular use of e-cigarettes and traditional cigarettes was the same among 12th grade students. 2 However, prevalence estimates for e-cigarette/vaporizer use can be misleading since many adolescents report using "just flavoring" the last time they used an e-cigarette/vaporizer and some of these individuals may have never used nicotine. 1, 5 Despite the fact that e-cigarette use is associated with higher odds of subsequent cigarette smoking, more than a quarter million adolescent e-cigarette users have no history of cigarette smoking or other tobacco use. [6] [7] [8] [9] [10] [11] To date, there is a gap in knowledge regarding the associations between early onset of e-cigarette use and the initiation of cigarette smoking as well as other substance use behaviors.
Alcohol and nicotine are often the first psychoactive substances adolescents experiment with, and use of these substances often precede use of marijuana and other illicit drugs. 12 Early onset of substance use is especially important because of its association with increased risk of the development of alcohol and other drug-related problems. [13] [14] [15] [16] Previous research has shown that individuals who begin drinking before age 15 are more likely to develop alcohol use disorders in their lifetime than those who begin drinking later in life.
14 Similarly, early onset of marijuana and nonmedical prescription drug use is a significant risk factor for the subsequent development of adult (or lifetime) drug-related problems and drug use disorders. 15, 16 There is also preliminary evidence demonstrating an increased risk for substance use behaviors among e-cigarette users. [17] [18] [19] Adolescents who use the four most common substances of abuse (eg, alcohol, marijuana, tobacco cigarettes, and prescription drugs) account for over 80% of e-cigarette users in 12th grade. 18 However, to our knowledge, no studies have differentiated between early and later onset of e-cigarette use, and no studies have examined the order of initiation involving the onset of e-cigarette use and a wide range of substance use behaviors. Existing findings are limited with respect to the age at onset of e-cigarette use and its implications for other substance use behaviors. As of yet, no studies have examined the probability of other cigarette smoking and other substance use behaviors as a function of age at onset of e-cigarette use. The primary aim of this study was to examine the relationships between early onset of e-cigarette use and the prevalence of substance use behaviors in a nationally representative sample of US high school seniors.
Methods

Data
The present study analyzed data from the Monitoring the Future (MTF) study, which annually surveys a cross-sectional, nationally representative sample of high school seniors in approximately 125 public and private schools in the coterminous United States, using self-administered paper-and-pencil questionnaires in classrooms. The samples analyzed in this study consisted of high school seniors from the 2015 cohort. The MTF study used a multi-stage sampling procedure. Stage 1 is the selection of geographic areas within the four regions of the country including the Northeast, South, Midwest, and West. Stage 2 is the random selection of approximately 130 public and private high schools with replacement (schools that decline are replaced with schools that are similar on geographic location, size, and urbanicity). Stage 3 is the selection of students within each school. Corrective weighting was used in the analyses presented in this study to account for the unequal probabilities of selection that occurred at any stage of sampling.
The response rate in the MTF study for high school seniors was 83% in 2015. Because so many questions are included in the MTF study, much of the questionnaire content is divided into six different questionnaire forms which are randomly distributed to students. This approach results in six identical subsamples. The measures most relevant for this study were asked on form 1, so this study focuses on the cross-sectional subsamples receiving this form. Additional details about the MTF design and methods are available elsewhere.
1,2 Institutional Review Board approval was granted for this study by the University of Michigan Institutional Review Board.
Measures
The MTF study assesses a wide range of variables relevant to e-cigarette use. For the present study, we selected specific measures for analyses, including demographic characteristics and standard measures of substance use behaviors.
1,2 Demographic and background characteristics included sex, age (less than 18 years old or 18 years and older), race/ethnicity (Black, White, Hispanic, Other), US Census geographical region (Northeast, Midwest, South, and West), metropolitan statistical area (MSA) (large, other, non-MSA), parental education (some college vs. high school or less), and college plans (any plans to attend college vs. no plans to attend college).
E-cigarette use was assessed by asking respondents how many occasions (if any) they had used e-cigarettes in their lifetime and in the past 30 days. The lifetime response options ranged from (1) never to (5) regularly, and the 30-day response options ranged from (1) none to (6) 20-30 days. Both response scales were dichotomized (any use/no use) for purposes of analyses consistent with previous research. 1, 2, 18 Age of onset for e-cigarette use was assessed by asking respondents what grade level they first used e-cigarettes. The response options ranged from (1) never to (7) grade 12. For purposes of analyses, a five-level variable was created with the following categories: never, grade 12, grade 11, grade 10, and grade 9 or earlier.
Cigarette smoking was assessed by asking respondents how often (if any) they had smoked cigarettes in their lifetime and in the past 30 days. The lifetime response options ranged from (1) never to (5) regularly, and the 30-day response options ranged from (1) none to (7) two packs or more per day. Both response scales were dichotomized (any use/ no use) for purposes of analyses consistent with previous research. 1, 2, 18 Alcohol, marijuana, and other illicit drug use-including cocaine, LSD, psychedelics other than LSD, and heroin-were measured by asking respondents how many occasions (if any) they used [each specified drug] in their lifetime and in the past 30 days. The response scale for each of these items ranged from (1) no occasions to (7) 40 or more occasions, and were dichotomized (any use/no use) for purposes of analyses consistent with previous research. 1, 2, 18 Nonmedical prescription drug use was assessed by asking respondents on how many occasions (if any) they used each prescription drug class (opioids, stimulants, tranquilizers) on their own, without a doctor's orders in their lifetime and during the past 30 days. The response scale for each of these items ranged from (1) no occasions to (7) 40 or more occasions, and were dichotomized (any use/ no use) for purposes of analyses consistent with previous research.
1,2,18
Age of onset for substance use behaviors was assessed with separate items for other substance use behaviors (ie, traditional cigarettes, alcohol, marijuana, cocaine, LSD, psychedelics other than LSD, opioids, sedatives, stimulants, and tranquilizers) and the response options for each item were the same as age of onset for e-cigarette use.
Statistical Analysis
All analyses for this study were design-based in nature, fully accounting for the MTF sampling weights in estimation of parameters for the target MTF population and incorporating estimates of MTF design effects (reflecting the complex sample design features) in variance estimates, confidence intervals, and test statistics. 20 We initially computed descriptive estimates of selected parameters representing the prevalence of particular behaviors (eg, lifetime e-cigarette use), and then compared different subgroups of individuals based on the grade at which they initiated e-cigarette use in terms of the prevalence of each other substance use behavior. We then performed design-adjusted bivariate Rao-Scott F-tests to examine the associations of e-cigarette onset grade and each behavior. All variance estimates for the estimated descriptive parameters and the design-adjusted test statistics incorporated an MTF average design effect of 2.5 for these specific types of behaviors. 7 Next, we fitted multivariate logistic regression models using design-based approaches to estimate the associations of e-cigarette onset grade with each behavior after adjusting for the relevant sociodemographic characteristics and other covariates examined in prior work.
1,2,4,10,11,18 These analyses incorporated similar design effects using the methodology of West and McCabe. 20 Finally, we conducted descriptive analyses of specific onset patterns for the subsamples of individuals indicating polysubstance use behaviors. All analyses employed the -svy-procedures in the Stata software (Version 14).
Results
The sample for this study included 2299 individuals who completed questionnaires during the spring of their senior year in 2015. After applying the MTF sampling weights, the sample represented a population that was 50% female (based on respondents with no missing data on gender), 48% White, 13% African American, 16% Hispanic, and 23% other/not disclosed. The modal age of the individuals in the sample was 18 years of age.
An estimated 30% of US high school seniors were lifetime e-cigarette users. There were no significant differences in the lifetime prevalence of e-cigarette use between those less than 18 years old (29.5%) compared to those who were 18 years or older (31.5%, p = .43). Among lifetime e-cigarette users, approximately 10% initiated use in grade 9 or earlier, 21% initiated use in grade 10, 43% initiated use in grade 11, and 26% initiated use in grade 12. The prevalence rates of current and lifetime cigarette smoking and other substance use behaviors (ie, alcohol use, marijuana use, nonmedical prescription drug use, and other illicit drug use) were examined for each grade level at onset from grade 9 and earlier to grade 12. Among e-cigarette users, the prevalence of current and lifetime cigarette smoking and other substance use behaviors was higher among early initiators of e-cigarettes. Grade level of onset had a significant (p < .001) association with cigarette smoking and other substance use behaviors, with those having an earlier grade of onset being consistently more likely to report current and lifetime cigarette smoking and other substance use behaviors.
As illustrated in Figure 1 , the prevalence of lifetime cigarette smoking increased significantly as a function of lower age at onset of e-cigarette use [Rao-Scott F(df 1 = 4.0, df 2 = 7938.3) = 26.3, p < .001]. Specifically, approximately 69.6% (SE = 8.1) of those who initiated e-cigarette use at grade 9 or earlier reported any cigarette smoking as compared to 46.5% (SE = 6.4) of the respondents who initiated e-cigarettes in 12th grade and 14.8% (SE = 1.5) of those respondents who never used e-cigarettes. Similarly, the prevalence of lifetime marijuana use increased significantly as a function of lower age at onset of e-cigarette use [Rao-Scott F (df 1 = 3.9, df 2 = 7787.4) = 29.9, p < .001). Approximately 85.7% (SE = 6.2) of those who initiated e-cigarette use at grade 9 or earlier reported any marijuana use as compared to 56.3% (SE = 6.4) of the respondents who initiated e-cigarettes in 12th grade and 26.9% (SE = 1.9) of those respondents who never used e-cigarettes. Similar associations were found for the prevalence of alcohol use, other illicit drug use and nonmedical prescription drug use as a function of age at onset of e-cigarette use. The multivariate logistic regression analyses reinforced the bivariate results and indicated that the adjusted odds of current and lifetime cigarette smoking, alcohol use, marijuana use, nonmedical prescription drug use, and other illicit drug use among early onset e-cigarette users were significantly greater than the odds for those who had never used e-cigarettes. As illustrated in Table 1 , the adjusted odds of lifetime cigarette smoking among early onset e-cigarette users were over 14 times greater than those for individuals who never used e-cigarettes (AOR = 14.2, 95% CI = 6.1 to 33.1), after statistically controlling for sociodemographic characteristics and other covariates (AORs ranged from 9.5 to 70.6 for other substance use behaviors).
We repeated the age of onset analysis distinguishing between experimental e-cigarette users (1-2 times in their lifetime) and more regular lifetime e-cigarette users, and found that early onset for either experimental or more regular users was associated with significantly greater odds of cigarette smoking and most other substance use behaviors (results not shown, and available upon request). Notably, the estimated increases in the odds of the various substance use behaviors as a function of age of onset were generally much larger for the more regular users. For example, the estimated odds of ever engaging in cigarette smoking were over 27 times higher (relative to those who never initiated e-cigarette use) for more regular e-cigarette users who began using e-cigarettes in grade 9 or earlier (95% CI = 7.5 to 100.51; p < .001), while the estimated odds of engaging in the same behavior for experimental e-cigarette users were nearly eight times higher relative to never users (95% CI = 1.4 to 43.0; p < .05).
As illustrated in Table 2 , the odds of cigarette smoking and other substance use behaviors (with the exception of alcohol use) among early onset e-cigarette users were also significantly greater than the odds for later onset e-cigarette users, after controlling for covariates (AORs ranged from 2.8 to 4.1). For instance, the odds of any marijuana use among early onset e-cigarette users were nearly four times greater than the odds for those individuals who reported later e-cigarette onset in 12th grade (AOR = 3.9, 95% CI = 1.2 to 12.7), after controlling for the covariates.
Finally, the patterns of initiation of substance use among lifetime e-cigarette users who engaged in other substance use were examined to determine the temporal order of initiation for e-cigarettes and other substances. As illustrated in Figure 2 , e-cigarette users who also reported alcohol use, cigarette smoking, marijuana use, nonmedical prescription stimulant use, or nonmedical prescription opioid use were more likely to initiate each of these substances before e-cigarettes relative to after e-cigarettes. In contrast, a different order was observed for the initiation of e-cigarette use and illicit drugs. E-cigarette users who also reported lifetime use of cocaine, LSD, or other hallucinogens were more likely to initiate each of these substances after e-cigarettes.
Discussion
To date, studies have not carefully examined the associations among age of onset of e-cigarette use, cigarette smoking, and other substance use behaviors among adolescents. [21] [22] [23] The findings from the present study provide new evidence that early onset of e-cigarettes is significantly associated with increased odds of cigarette smoking and other substance use behaviors relative to those who initiated later e-cigarette use as well as those who did not use e-cigarettes based on a national sample of high school seniors in the United States.
The findings from the present study extend our knowledge of age at onset of e-cigarette use in several important ways. First, the association between early onset of e-cigarette use and other substance use behaviors has remained relatively unexplored. The findings in the present study reinforce previous outcomes related to the role of early onset of alcohol use in association to other substance use behaviors, but extend these relationships specifically to e-cigarette use. Second, previous studies have shown associations between e-cigarette use and other substance use behaviors, [17] [18] [19] but the present study represents one of the initial examinations of the temporal associations between early onset of e-cigarette use and a wide range of other substance use behaviors. Indeed, the present study found a significant association between age at onset of e-cigarette use and the likelihood of engaging in cigarette smoking, alcohol use, marijuana use, nonmedical prescription drug use, and illicit drug use. We found that these associations were significant for both experimental and more regular e-cigarette users, and the effects of earlier age of e-cigarette onset tended to be stronger among more frequent e-cigarette users. Third, it is important for future research to consider that the majority of e-cigarette users who engaged in polysubstance use involving alcohol, cigarette smoking, marijuana, nonmedical prescription opioids, or nonmedical prescription stimulants had initiated each of these substances in the same grade level or earlier than that of e-cigarette use onset.
The unique pattern associated with alcohol use among e-cigarette users was largely influenced by alcohol having the earliest average age of onset and highest prevalence rates relative to all the other substances. As a result, 90% or more of all e-cigarette onset subgroups engaged in alcohol use, including over 99% of those reporting early e-cigarette onset. While the cross-sectional design of the current study makes it impossible to determine whether there is a causal relationship and if so, in which direction, between early e-cigarette onset at age 14 or younger and other substance use, our findings clearly indicate the need for future prospective studies aimed at examining the causal relationships between e-cigarette use, cigarette smoking and other substance use.
The findings regarding patterns of initiation were partially influenced by availability, perceived risk, and the average age (grade level) of onset for various substances among adolescents.
1,2 For instance, the modal age for e-cigarette use onset is later than the modal age for initiating substances such as alcohol, cigarette smoking, and marijuana. The later modal age for e-cigarette onset could be partially influenced by the fact that e-cigarettes were relatively new on the market among youth and less available during the earlier years of initiation. In contrast, the modal age for e-cigarette onset was before the initiation of illicit drugs such as cocaine and hallucinogens. In addition, the perceived risk of e-cigarette use and vaping was lower before 2015 than at present, and this is likely due to fewer state restrictions on e-cigarette sales by age in previous years and subsequent changes in marketing and federal regulations. 1 Among those who reported lifetime e-cigarette use, the subgroup of individuals who initiated e-cigarette use in grade 9 (2012 in expectation) or earlier in the 2015 MTF study was relatively small (10%, n = 93) in the present study, which reduced the power to detect potentially meaningful differences between this onset category and other subgroups (after accounting for MTF design effects). The relatively small early onset subgroup makes the findings related to significantly higher odds of lifetime substance use behaviors for this early onset subgroup relative to those who first used e-cigarettes in grade 12 particularly notable. Taken together, the findings of this study provide evidence that most adolescent e-cigarette users have initiated marijuana or other illicit drug use and should be assessed for polysubstance use behaviors and substance use disorders (SUDs). This is potentially important clinically in SUD treatment algorithms for this vulnerable adolescent population. Specifically, remission from polysubstance use and SUDs has been shown to increase if individuals can also quit nicotine/tobacco use. [24] [25] [26] [27] This study indicates that abstinence from e-cigarettes as well as tobacco should be considered within a wider range of substances and further studies are needed within the context of relapse recidivism from polysubstance use.
The present study also found that nearly one in every three high school seniors in the United States reported any lifetime e-cigarette use. Notably, e-cigarette use has increased significantly in recent years among adolescents in the United States followed by a recent decline between 2015 and 2016. 1, 2, 4 The initiation patterns observed in the present study support middle school or earlier as optimal timing for delivering preventative interventions to reduce substance use behaviors among youth. 28 Finally, as e-cigarettes have only recently come under federal oversight, public health considerations can also be given to the limitation of marketing and advertisement to youth of this multi-billion dollar industry.
The present study has several strengths. A major strength of the present study is the national sample of adolescents with a diverse range of sociodemographic characteristics. The MTF study includes a nationally representative sample of high school seniors from private and public schools in the United States. The sample size allowed for subgroups to be defined based on grade of onset of e-cigarette use and other substance use behaviors.
Despite these strengths, this study had all of the limitations associated with school-based survey research using self-administered surveys and retrospective assessment, including nonresponse bias and missing data. First, the multivariate logistic regression models to estimate the associations of e-cigarette use onset grade with each substance use behavior did not adjust for some relevant variables associated with cigarette smoking and other substance use behaviors (eg, family history of cigarette smoking and substance-related problems) because these variables were not assessed in the MTF study. Additionally, future research is needed to examine the effects of nicotine concentration levels, dose delivered, and frequency of e-cigarette/vaporizer use since a considerable proportion of adolescents do not know the nicotine concentration in their e-cigarettes/ vaporizers. Previous work has often been limited to assessing only the most recent e-cigarette/vaporizer use occasion. 1, 5, 29 Second, there were some important subgroups of the adolescent population missing from the MTF data collected each year, such as students who were home-schooled, have dropped out of school, or were absent on the day of data collection and therefore did not participate in the study. High school students who drop out or who are often absent from school are more likely to engage in substance use and other problem behaviors, 2,30 while home-schooled youth are less likely to engage in substance use behaviors. 31 Third, while prior work has demonstrated that self-report data in the MTF study have been found to be reliable and valid, studies on adolescents suggest that misclassification and under-reporting of sensitive behaviors such as substance use can occur. 32, 33 The MTF study attempted to minimize the bias associated with self-report surveys by utilizing certain conditions that past research has shown improves the validity and reliability of substance use data collected via self-report surveys, such as explaining the relevance of the study and informing potential respondents that participation is voluntary and data will remain anonymous. 33 In the MTF study, no adjustments are made to correct for any missing data or under-reporting; thus, results from the present study are likely conservative and underestimate substance use behaviors. Finally, the present study relied heavily on dichotomous substance use behaviors (any use/no use), and future research is recommended that examines frequency of e-cigarette/ vaporizer use, cigarette smoking and other substance use relationships in more detail.
The findings of the present study reinforce the importance of learning more about the short-term and long-term consequences associated with e-cigarette use, especially with early onset (aged 14 and younger). Recent findings indicate adolescents are much more likely to use e-cigarettes/vaporizers for experimentation, taste, and boredom, whereas adults are more likely to use e-cigarettes for smoking cessation. [34] [35] [36] Because e-cigarettes have the lowest perceived risk for regular use relative to any other substance among adolescents, traditional models that explain the onset and course of use for substance use behaviors may not completely apply to e-cigarette use. There have been several attempts with adults to examine whether e-cigarettes can help cigarette smokers reduce their tobacco smoking or help them change to less hazardous tobacco products. [37] [38] [39] [40] [41] [42] [43] [44] [45] Although the present study indicated most adolescents initiated e-cigarettes after cigarette smoking, recent work indicates less than 1 in every 13 adolescents who use e-cigarettes or vaporizers are motivated for smoking cessation reasons. 34 Additionally, a recent study found evidence that e-cigarette use is a stronger risk factor for smoking onset among low risk relative to high risk adolescents. 46 Thus, if future work confirms early e-cigarette onset leads to cigarette smoking, e-cigarette use may pose considerable challenges for the substance abuse field and efforts to reduce health consequences associated with smoking given the low perceived risk. 1, 2, 47, 48 The findings of the present study clearly indicate the need for more long-term prospective and multi-cohort studies to examine similar age-of-initiation relationships between e-cigarette use and other substance use behaviors among children and adolescents. The high rates of polysubstance use associated with early onset of e-cigarette use reinforce the importance of developing early primary prevention efforts to reduce or delay harmful substance use behaviors among children and adolescents. All analyses incorporate a design effect of 2.5 18 and control for age (ie, less than 18 years old and 18 years and older), race (i.e., White, Black, Hispanic, Other race), sex (ie, Male and Female), highest level of parental education (ie, at least some college, high school or less), US Census geographic region (ie, Northeast, Northcentral, South, and West), metropolitan statistical area (ie, MSA and non-MSA), and college plans (ie, plan to attend college and no plans to attend college). 
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